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Abstract Adipose tissues are differently involved in lipid meta-
bolism and obesity according to their type and location. Increas-
ing reports stress on the impact of redox metabolism on obesity
and metabolic syndrome. The aim of this work is to investigate
the site-specific redox metabolism in three different adipose tis-
sues and its changes occurring in obesity. We analysed enzymatic
and non-enzymatic parameters, and focused on the reduced/oxi-
dized glutathione and coenzyme Q couples. In lean compared
with obese non-diabetic Zucker rats, interscapular brown fat
seems well protected against oxidative stress and epididymal adi-
pose tissue shows a more reduced glutathione redox state, asso-
ciated with a higher susceptibility to lipophilic oxidative stress
than inguinal adipose tissue. Epididymal adipose tissue redox
metabolism significantly differs from inguinal one by its limited
redox metabolism adaptation. Our results demonstrate site-
specific managements of reactive oxygen species metabolism in
obese Zucker rats. These results are not consistent with the
classic deciphering of inflammatory situation and produce a
new conception of the redox parameters implication in the devel-
opment of the metabolic syndrome.
� 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Adipose tissues play a key role in energy homeostasis and

they function as lipid-storing (white adipose tissue, WAT) or

energy-dissipating (brown adipose tissue, BAT) tissues. In par-

allel, adipose tissues act also as endocrine/paracrine organs,

secreting a wide variety of molecules, adipokines and cyto-

kines, which are involved in the development of morbid com-

plications of obesity [1]. WAT is disseminated in different

locations that display different metabolic properties and func-

tions. This represents an important focus of current research

due to the specific role that internal fat seems to play in meta-

bolic disorders pathogenicity [2]. So, visceral abdominal obes-

ity has been linked to the development of insulin resistance or
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type 2 diabetes mellitus and a cause–effect relationship has

been established between internal fat and the metabolic syn-

drome [3–5]. Different results suggest that differences in adipo-

cyte precursor pools and in the pattern of metabolism

contribute to the dissimilar properties of the fat pads. These

differences were extended to endocrine function and recently

emphasized by gene expression profiling [6].

Reactive oxygen species (ROS) production and detoxifica-

tion formed a set of oxido-reduction reactions named redox

metabolism. Oxidative stress occurs when antioxidant defences

are overwhelmed by an excessive ROS production. It has been

implicated in the pathogenesis of several metabolic diseases as

well as in the co-morbidity of diabetes mellitus [7] and athero-

sclerosis [8]. In such pathologies, redox metabolism was evalu-

ated by the pattern of enzymatic and non-enzymatic cellular

antioxidant defences such as superoxide dismutase (SOD), glu-

tathione peroxidase (GPx) or catalase activities, and glutathi-

one or a-tocopherol (a-Toc) contents in blood and liver

[9,10]. Several cues seem also to relate obesity with pro-oxida-

tive context and now lead to the emergent view characterizing

obesity as a chronic inflammatory situation [11]. This disease is

associated with an increase in the markers of systemic oxida-

tive stress and its prevalence is correlated with decreased con-

centrations of plasma antioxidants [12]. Furthermore, it has

been suggested that oxidative stress in accumulated fat is an

early instigator of metabolic syndrome [13]. Nevertheless and

in contrast, preadipocyte proliferation and differentiation are

negatively controlled by ROS [14,15] while over expression

of cellular GPx has been reported to promote obesity in mice

[16]. One explanation of these apparent discrepancies could

be raised from the fact that most of these studies were con-

ducted not in situations of strict obesity but with confused

metabolic pathologies defined as metabolic syndrome. Indeed,

in a model of obesity with non-congruent metabolic disorders,

inguinal adipose tissue displays a more intracellular reduced

redox state which could promote on its own the development

of a deleterious proadipogenic process [17]. However, no study

investigates the comparative redox metabolism between differ-

ent fat deposits in spite of their quite different pathogenicity in

metabolic disorders.

The aim of this work was to compare the redox metabolism

between interscapular brown adipose tissue (IBAT), inguinal

and epididymal white fat pads (IWAT and EWAT, respec-

tively) in lean and obese Zucker rats. This genetic rodent

model of obesity is characterized by a defect in leptin signalling

due to the absence of functional leptin receptor and is a
blished by Elsevier B.V. All rights reserved.
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non-diabetic obese model. The two white fat pads were chosen,

respectively, as subcutaneous and internal adipose tissue be-

cause they represent the main lipid storages sites of rat [18].

As we previously shown that the mainly of antioxidant mole-

cules was in adipocytes versus stroma vascular fraction of adi-

pose tissue [17], the measure of these molecules contents was

executed in whole adipose tissue.
2. Materials and methods

2.1. Animals
Obese and lean Zucker rats (11 weeks old) were purchased from

Charles River Laboratories, L’Arbresle, France. They were acclimated
7 days to 22 ± 1 �C in individual cage, kept under intermittent 12 h
periods of light and dark, and given commercial food (2016 -Harlan,
Gannat, France) and water ad libitum. Animals were weighted and
then anesthetized with 100 mg ketamine and 10 mg xylazine/kg body
weight.
2.2. Tissues isolation
The different fat pads were rapidly removed after rat’s exsanguina-

tion. IBAT, IWAT and EWAT were carefully dissected to remove
adhering tissues as capillaries, ganglions and contaminating WAT
(surrounding the IBAT). Tissues were washed in phosphate buffered
saline medium, weighted and immediately frozen in liquid nitrogen.
Prior to measurements, aliquots were pulverized with a stainless steel
mortar and pestle. Powders were stored at �80 �C until use.
2.3. Samples preparation
One hundred milligrams of each powered frozen tissue was used for

quinines measurement while the left was homogenized in 3 mM
EDTA, 154 mM KCl, pH 7.4 (1:10 wt/vol for IBAT, 1:2 wt/vol for
IWAT and EWAT). Five hundred microlitres of this homogenate
was used for analysis of cytochrome c oxydase (Cytox) and catalase
activities and glutathione and vitamin C contents. The left homogenate
was sonicated (30 s, 4 �C) and then centrifuged at 8000 · g for 10 min,
delipided and again centrifuged at 105000 · g for 45 min (all these
steps were performed at 4 �C). Supernatant was used for measures of
antioxidant SOD and GPx activities.
2.4. Enzymatic activities
Protein assays were performed in the homogenate and the superna-

tant [19]. SOD activities (Mn SOD, Cu/Zn SOD) were assayed by using
the inhibition of pyrogallol autoxidation [20]. One unit (U) of SOD
activity was defined as the amount of enzyme that inhibited pyrogallol
autoxidation by 50%. Catalase activity was determined by measuring
decomposition of H2O2 at 240 nm [21]. Glutathione peroxidase sele-
no-dependant (GPx) activity was measured using t-butylhydroper-
oxide as substrate [22]. One unit of GPx activity corresponds to
1 lmole of NADPH oxidized per minute. Mitochondrial enzymatic
activity (Cytox) was assayed by measurement of cytochrome c oxida-
tion as previously described [23].
2.5. a-Toc, CoQ9, CoQ10, glutathione and vitamin C (VitC)
Powdered frozen tissues (100 mg) were mixed and extracted in 2-pro-

panol, to detect CoQs (Q9 and Q10) in their oxidized and reduced
forms and a-Toc by reverse-phase HPLC with electrochemical detec-
tion, on the same run as previously described [24]. Results were ex-
pressed as nmol/g tissue because these lipophilic molecules mainly
interact with other lipophilic component and that fat pad weight is di-
rectly correlated with its lipid content. Fifty microlitres of tissular
homogenates was immediately mixed with 500 ll of 4% metaphospho-
ric acid in H2O/methanol (3:1 v/v) or with 450 ll of 1% EDTA/5%
metaphosphoric acid (1:5 v/v), respectively, for vitamin C and glutathi-
one measure. After centrifugation (3000 · g, 10 min, 4 �C), superna-
tants were used to detect reduced glutathione (GSH) and its oxidized
form (GSSG), total VitC and its oxidized form dehydroascorbic acid
(DHAA) by reverse-phase HPLC with electrochemical detection [25]
and fluorimetric detection [26], respectively. The results were expressed
as lmol/g tissular proteins. Total glutathione, named ‘‘equivalent glu-
tathione’’ (Eq GSH), was the sum of GSH and two fold GSSG concen-
trations (2GSH fi 1GSSG).

We calculated the redox state of glutathione, VitC and CoQs
as ([oxidized form]/[total forms]) · 100 with [total forms] = [oxidized
form] + [reduced form].
2.6. Malondialdehyde (MDA)
Lipid peroxidation in homogenate was estimated from the formation

of the MDA by a spectrofluorimetric method [27].
2.7. Statistical analysis
Means ± S.E.M. were calculated and statistically significant differ-

ences between two groups were determined by Student’s t-test at
P < 0.05.
3. Results

3.1. Comparison of redox metabolism in different fat pads of lean

Zucker rats

The weight of IBAT, IWAT and EWAT of 12 lean rats were,

respectively, 0.34 ± 0.07 g, 3.44 ± 0.61 g and 1.79 ± 0.48 g.

Fig. 1 showed the different antioxidant enzymatic defences

and the Cytox activity used as an index of mitochondrial oxi-

dative potential. As expected, IBAT had the highest Cytox and

Mn-SOD activities. The lowest activities of Cytox and

Mn-SOD were observed in IWAT and EWAT respectively.

No significant difference can be observed in Cu/Zn-SOD be-

tween all deposits. Catalase and GPx activities were the highest

in EWAT. To propose an integrate view of antioxidant enzy-

matic metabolism, we calculated different ratios. As tot SOD

activity generates H2O2 that is destroyed by Catalase and

GPx (the latter is also able to destroy other hydroperoxides),

the ratios of Cat/tot SOD and GPx/tot SOD activities are

taken as indexes of cellular H2O2 metabolism. However, as

mitochondria is the major site of ROS generation in cells

[28], and that increase in O��2 is reflected by SOD synthesis

and activity [29], the ratio of Mn-SOD/Cytox activities can

be considered as index of mitochondrial O��2 metabolism.

The values of these different ratios were given in Table 1. IBAT

had the lowest ratio of GPx/tot SOD activities whereas the

values of the Cat/tot SOD and GPx/tot SOD ratios were signif-

icantly higher in EWAT than in IWAT. In contrast, the ratio

Mn-SOD/Cytox was higher in IWAT than in EWAT.

Concerning the hydrophilic molecules, IBAT was signifi-

cantly different from both WAT together by a lower glutathi-

one redox state, a higher VitC redox state and a lower VitC

content (Fig. 2A). In contrast, the content of lipophilic mole-

cules, CoQ9, CoQ10 and a-Toc, were the highest in IBAT

(Fig. 2A and B). Redox states of CoQs were similar in all fat

tissues. EWAT significantly distinguished from IWAT by a

lower glutathione redox state, a higher equivalent glutathione

and VitC content, a lower CoQ10 content (Fig. 2A) and a

higher MDA content (Fig. 2C).
3.2. Changes of redox metabolism in different fat pads of obese

Zucker rats

The weight of IBAT, IWAT and EWAT of seven obese rats

were, respectively, 0.67 ± 0.08 g, 18.14 ± 4.11 g and 3.85 ±

1.14 g.

For IBAT, Cytox as GPx activities were significantly

reduced in obese Zucker comparatively to lean whereas Cat



Fig. 1. Enzymatic activities in adipose tissues of lean Zucker rats. Interscapular brown adipose tissue (IBAT), inguinal (IWAT) and epididymal
(EWAT) white adipose tissues. *P < 0.05, **P < 0.01, ***P < 0.001 IWAT or EWAT versus IBAT; $P < 0.05, $$P < 0.01, $$$P < 0.001 IWAT versus
EWAT.

Table 1
Enzymatic activities ratio in adipose tissues of lean and obese rats

Cytosol H2O2 metabolism Mitochondria
O��2 metabolism

Cat/tot SOD · 10�3 GPx/tot SOD MnSOD/Cytox

IBAT
Lean 1.02 ± 0.03 26.49 ± 10.26 1.394 ± 0.090
Obese 2.96 ± 0.26a 12.90 ± 3.55 1.603 ± 0.106

IWAT
Lean 1.34 ± 0.18c 55.26 ± 9.25b 3.221 ± 0.908c

Obese 4.20 ± 0.81a 97.95 ± 29.98b 1.897 ± 0.458

EWAT
Lean 10.49 ± 3.04b 807.87 ± 373.69b 0.096 ± 0.096b

Obese 4.27 ± 0.93 81.04 ± 19.13a,b 1.731 ± 0.274a

Interscapular brown adipose tissue (IBAT), inguinal (IWAT) and
epididymal (EWAT) white adipose tissues.
aP < 0.05 obese versus lean.
bP < 0.05 IWAT or EWAT versus IBAT.
cP < 0.05 IWAT versus EWAT.
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activity was increased (Fig. 3). Cytox and Cat were signifi-

cantly increased in IWAT whereas GPx was decreased in

EWAT. The ratio of Cat/tot SOD activities was significantly

higher in IBAT as for IWAT in obese compared to lean rats

when GPx/tot SOD was intensely lower in EWAT (Table 1).

The ratio Mn SOD/Cytox was only significantly increased in

EWAT between lean and obese. About the hydrophilic mole-

cules, the two WAT of obese differed from IBAT by an in-

crease in VitC content associated with a decrease in its redox

state, comparatively to lean (Fig. 4A). IBAT glutathione redox

states were very heterogeneous and seemed increased in obese

but the difference was not significant. On the contrary, the glu-

tathione redox state was decreased in WAT but only signifi-

cantly in IWAT (Fig. 4A). The three lipophilic molecules

contents (CoQ9, CoQ10 and a-Toc) were differently altered

in IBAT, IWAT and EWAT of obese rats (Fig. 4A and B).

In IBAT, CoQ9 and CoQ10 contents were decreased and the

CoQ10 redox state was increased. The three molecules

contents were significantly decreased in IWAT, whereas only



Fig. 2. Antioxidant molecules and lipid peroxidation in adipose tissues of lean Zucker rats. Interscapular brown adipose tissue (IBAT), inguinal
(IWAT) and epididymal (EWAT) white adipose tissues. (A) Equivalent glutathione (Eq GSH), vitamin C (VitC), CoQ9 and CoQ10 status: redox
state versus content. (B) a-tocopherol (a-Toc) content. (C) MDA content. *P < 0.05, **P < 0.01, ***P < 0.001 IWAT or EWAT versus IBAT;
$P < 0.05, $$P < 0.01 IWAT versus EWAT.
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a-Toc content was decreased in EWAT. MDA content was de-

creased in the two WAT but not in IBAT (Fig. 4C).
4. Discussion

Recently, an excessive or sustained increase in ROS pro-

duction has been implicated in the pathogeneses of several

diseases, as well as in the co-morbidity of atherosclerosis and

diabetes mellitus associated with obesity [7,8]. Here, we

demonstrate that redox metabolism of fat tissues is different

according to the location of the deposit. Surprisingly, obesity

induced a more reduced state in the WAT whatever the deposit

but with site-specific changes in subcutaneous and epididymal

fats.
Redox metabolism involves multiple interdependent enzy-

matic and non-enzymatic molecules, which can counteract

ROS and prevent oxidative stress. In addition with the differ-

ent molecule contents and enzymatic activities, we calculated

different ratios to have an integrated view of such metabolism.

Altogether our results demonstrated that in lean Zucker rats,

the profiles of enzymatic and non-enzymatic defences are dif-

ferent in the three fat pads. The IBAT thermogenic metabo-

lism was highly linked to its mitochondria content and

activity. As expected [23], the mitochondrial oxidative poten-

tial (Cytox activity) was particularly high in IBAT of these rats

suggesting a high mitochondrial ROS production. Moreover,

the high level of coenzymes Q in IBAT is consistent first, with

the necessary intensive respiratory mitochondrial chain activ-

ity which finally enhanced the function of UCP1 and second,



Fig. 3. Enzymatic activities in adipose tissues of obese Zucker rats. Values were expressed as the % of the lean values for interscapular brown adipose
tissue (IBAT), inguinal (IWAT) and epididymal (EWAT) white adipose tissues. *P < 0.05, **P < 0.01, ***P < 0.001 versus lean.
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with the function of the UCP1 itself [30]. IBAT glutathione

was entirely in the reduced state as it was described for liver

[31] that indicates the absence of oxidative stress in the cellular

hydrophilic compartment. This could be explained by the high

UCP1 expression in IBAT mitochondria, which can decrease
the mitochondrial ROS generation [32]. Moreover, IBAT

seems well protected against excessive oxidative aggression

according to its high content in lipophilic antioxidants. In sub-

cutaneous and epididymal WAT, the contrasted ROS metabo-

lism profiles seemed to be linked with the lipid metabolism. In



Fig. 4. Antioxidant molecules and lipid peroxidation in adipose tissues of obese Zucker rats. Values were expressed as the % of the lean values for
interscapular brown adipose tissue (IBAT), inguinal (IWAT) and epididymal (EWAT) white adipose tissues. (A) Equivalent glutathione (Eq GSH),
vitamin C (VitC), CoQ9 and CoQ10 status: content and redox state. (B) a-tocopherol (a-Toc) content. (C) MDA content. *P < 0.05, **P < 0.01,
***P < 0.001 versus lean.
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Fig. 5. Index site specific weight (fat pad weight/total weight) and
redox changes during obesity in inguinal (IWAT) and epididymal
(EWAT) white adipose tissues.
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lean, glutathione redox state was lower in epididymal WAT

than in subcutaneous one (43% versus 72%) and indicated a

more reduced state in hydrophilic compartments of epididymal

WAT. As we have previously described that a positive link be-

tween reduced glutathione and lipid storage exists in adipocyte

[17], glutathione metabolism could reflect the more intense

lipid storage displayed by epididymal fat in lean animals. In-

deed, Di Girolamo et al. [18], showed that the cumulative

growth of EWAT was due mostly to hypertrophy (identified

by the cellular triglyceride content) whereas the growth of

IWAT was due predominantly to apparent hyperplasia. Final-

ly, MDA content could indicate a higher oxidative stress in

lipophilic compartment of epididymal WAT. Although the ra-

tios of Cat/tot SOD and GPX/tot SOD activities indicate that

epididymal WAT is the most efficient to eliminate H2O2 poten-

tially produced. This could be attributed to a higher suscepti-

bility to lipophilic and mitochondrial oxidative stress reflected

by the lower lipophilic antioxidant contents (mostly CoQ10)

and the lower ratio MnSOD/Cytox in epididymal WAT com-

paratively to subcutaneous one.

Thus the redox metabolism in fat pads indicates and pro-

motes site-specific metabolism. Its importance must be inter-

preted in favour of the mitochondrial needs for the IBAT

and the lipogenesis set up in WATs.

This led us to investigate the changes occurring in obesity.

To delineate the obesity effect per se from other congruent met-

abolic disorders often associated in animal model, we chose to

perform our experiments on 11 weeks old Zucker rats. Indeed,

we previously demonstrated that such animals are obese and

glucose intolerant without diabetic symptoms [17]. Although

we used a genetically obese Zucker rat in this study, this model

can be considered as relevant with the redox metabolism in hu-

man adipose tissue. Indeed, although leptin is known to induce

oxidative stress, most of obese subjects are unresponsive to

lipostatic action of leptin because its receptor gradually disap-

peared in adipose tissue during obesity [33]. Then, we can

hypothesize that leptin dependant signaling pathways are

poorly functional to induce oxidative stress in adipose tissue

of obese individuals. In such situation, important enzymatic

and non-enzymatic alterations appeared in the three fat pads

of obese rats comparatively to lean ones. Enzymatic activities

were essentially altered in obese IBAT. This tissue has a mito-

chondrial oxidative metabolism reduced associated to a de-

crease in UCP1 expression. The lower oxidative metabolism

and the higher ratio of Cat/tot SOD activities are in accor-

dance with the lack of changes in glutathione and VitC redox

states in obese comparatively to lean IBAT. This last result

indicates no alteration of the reduced state of hydrophilic com-

partment of this fat tissue in obese phenotype. Moreover, the

important decrease in CoQs content of obese IBAT was with-

out consequence on the MDA content probably by sufficient

a-Toc content. Altogether, this demonstrates that in spite of

the dramatic transformation of IBAT into WAT-like fat,

IBAT maintains its specific redox status and is preserved from

oxidative stress during obesity.

As previously reported, subcutaneous WAT shows a more

reduced state in obese animal than in the control one [17].

The decrease in VitC and glutathione redox states indicates a

higher reduced environment in hydrophilic sites. Surprisingly,

these changes are associated with an increase in VitC content.

This needs to be investigated further because no report relates

any link between adipose tissue VitC metabolism and obesity.
The decrease of lipophilic oxidative stress, as revealed by the

decrease in MDA content in both WAT deposits, is consistent

with the increase of the reduced state in the hydrophilic com-

partment. Indeed, over expression of GPx [16] as well as of glu-

cose-6-phosphate dehydrogenase (G6PD), a key enzyme in the

maintenance of redox potential via production of NADPH

(substratum for GSH regeneration) [34] or different antio-

xidants [17] stimulate adipogenesis of cultured preadipocytes.

A similar trend can be also observed in epididymal WAT in

spite of fewer changes suggesting that this tissue is close to

an ‘‘already hypertrophic situation’’ in lean rats. This conclu-

sion has to be paralleled with the ratio of fat pad weights

(obese/lean) for inguinal and epididymal location (approxi-

mately 6 versus 1.5, respectively). Considering the enzymatic

activities in WAT, it is noteworthy that, comparatively to lean,

the mitochondrial oxidative potential was only increased in ob-

ese subcutaneous WAT with a concomitant decreased of CoQ,

whereas indexes of the ability to eliminate ROS was increased

in subcutaneous WAT but decreased in epididymal WAT.

Altogether, these results indicate that during obesity, subcuta-

neous fat appears able to extensively store lipids whereas this

metabolic pathway is confined in epididymal fat pad (Fig. 5).

On the other hand subcutaneous WAT can adapt its redox

metabolism whereas the capability of epididymal one to

metabolize cytoplasm H2O2 and other peroxides seems to be

limited. Then, the modulated intracellular ROS in these fat

pads could differently trigger stress intracellular signalling

pathways which in turn could participate to the deleterious ef-

fect of epididymal fat enlargement [35].

Taken together, these specific changes of redox metabolism

in epididymal and subcutaneous adipose tissues are not consis-

tent with the classic view of inflammatory situation. Then, they

open a new conception of the redox parameters implication in

the development of obesity and its link with metabolic syn-

drome.
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